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The precipitation of barium sulphate in a rapid mixing device (Y-mixer) coupled with an instantaneous sample
freezing device was studied in order to accurately measure the nucleation rate. In this Shock-Freeze Cryo-TEM
(SFCT) approach, a small volume of solution was removed from the stream directly into liquid ethane by means
of a gravitational guillotine. Using different pipe lengths to measure various residence times, it was possible to
rates were found to be a strong function of Reynolds number, up to Re¼310 (Re being inversely related to
the micromixing time). The measured nucleation rates ranged between 2.791014 and 3.811017 # m3 s1
at supersaturations between 4106 and 1108. The measured particle sizes in this work (ranging from 62 to
320 nm for supersaturation values between 4106 and 1108) were smaller than those measured by previous
researchers, possibly because previous work did not quench the reaction sufﬁciently fast and thus allowed the
particles a longer time to increase in size. In summary, this work successfully achieved a fast, accurate and
reproducible nucleation rate measurement that could also give information about particle morphology.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Reactive precipitation is used extensively in the pharmaceutical
and ﬁne chemical industries as well as in the mining sector. Salts
that are sparingly soluble are also commonly encountered in
hydrometallurgical systems [1–3] and are also important in many
natural environments. Precipitation as a puriﬁcation and separa-
tion process offers the advantages of high product yield but has
the disadvantage of forming products with undesirable properties,
such as small particle sizes, and thus there are usually difﬁculties
in separation and downstream processing. These particle proper-
ties are a function of the particle structure, morphology and par-
ticle size distribution, and can be inﬂuenced by manipulating the
conditions of the precipitation reaction. The link between the
processing conditions and the product properties can be obtained
by understanding as well as measurement of the kinetic processes
that occur during precipitation [4].2. Precipitation and nucleation
Precipitation can be divided into several sub-processes: the pri-
mary processes being nucleation and growth, and the secondaryB.V. This is an open access article u
).processes being agglomeration, attrition and dissolution [5]. The
nucleation process begins with the stochastic appearance of
nanoscopically-sized molecule clusters in the solvent. Primary
nucleation can be initiated through the spontaneous stochastic for-
mation of nuclei (homogeneous nucleation) or by the attachment of
the nuclei on existing particles (heterogeneous nucleation) [6,7]. In a
precipitation process, the supersaturation of the ionic species in
solution with respect to the solid phase is the driving force for
nucleation and growth of a precipitate. Since the supersaturation for
sparingly soluble salts is usually high, the precipitation process is
dominated by nucleation [8,9]. Measuring the nucleation rate of low
solubility compounds as a function of supersaturation is challenging
because nucleation occurs extremely quickly at the very high
supersaturations that are generated by the reaction.3. Previous nucleation rate measurement methods
The current methods of measuring nucleation rates include
both sampling and in situ techniques. Roelands and co workers
[10] used both T and Y-shaped devices to mix the reagents and to
initiate precipitation. The length of the reaction tube leaving the
T-mixer and the ﬂuid velocity in the outlet pipe was used to
determine the residence time of the reaction. In order to arrest the
precipitation process at the end of the reaction tube, the solution
was directed into a quenching container that contained a largender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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dynamic light scattering technique was used to measure the
number of particles and size of the particles for the speciﬁed
supersaturation. However, it is known that this kind of quenching
step is not rapid enough to stop the precipitation reaction from
progressing.
Judat and Kind [11] used two methods: ﬁrstly, a Y-shaped
mixing device followed by a quench of the free jet in a beaker with
distilled water in an attempt to stop any further growth and
aggregation. However, this method was unable to prevent further
crystal growth. The second quenching method used a TEM grid
that was moved through the jet with a speed of approximately
13 m s1 and was thus able to shock freeze the jet within about
5 ms after sampling. However, numerous difﬁculties were
experienced with this elaborate measurement technique, includ-
ing destruction of the copper ﬁlm on the TEM grid by the high jet
velocities and the low temperatures; thickness of the ice layer
being too thick for electron beam transmission as well as thickness
of the ice layer being too thin and thus sublimating under the low
pressure inside the microscope. Kugler and co-workers [12] used
in situ synchrotron radiation wide angle x-ray scattering (WAXS)
to measure the particle number as a function of supersaturation
for stoichiometric precipitation of barium sulphate. Nonetheless,
they were not able to calculate nucleation rates from experimental
data due to the extremely short time periods required.
Roelands and co-workers [13] analysed and reviewed methods
for the measurement of nucleation rates in precipitation processes
and concluded that measurement of homogenous nucleation rates
(such as those experienced during the precipitation of sparingly
soluble salts) requires a method that takes into account the
depletion of supersaturation down the length of the mixing tube, a
method of instantaneous mixing and a particle counting technique
that is number based.
In summary, it is clear that previous methods are not able to
provide accurate and repeatable nucleation rate measurements.
Therefore, nucleation measurement techniques are moving
towards online, in situ and/or extremely rapid measuring techni-
ques, which have the ability to measure nucleation rates of rapidly
precipitating salts. The in situ methods provide high quality
experimental data since no quenching is required. Most of these
techniques use light scattering or interfering techniques. Some of
these techniques such as Focused Beam Reﬂectance Measurements
(FBRM) [14], Small-Angle X-ray Scattering (SAXS) [15] and Digital
Holographic Microscopy (DHM) [16] can be used to determine the
number and size of particles that are formed during precipitation
reactions [16–18]. In contrast, the rapid measuring techniques
attempt to speed up the quenching step sufﬁciently for accurate
measurement. However, for both techniques, the limitations lie in
the ability to detect the extremely small particles as well as in the
ability to provide sufﬁciently fast micromixing times.Table 1
Constants used to calculate micro-mixing times.
Internal diameter of outlet tube (m) 0.004
v, kinematic viscosity (m2 s1) 1106
Reynolds number 2104–3.4104
ϵ, (mean turbulent kinetic energy dissipation rate)
(m2 s3)
2103–5105
τm (s) 1106–11024. Proposed nucleation rate measurement method
It is the intention of this work to present and evaluate a tech-
nique for measuring nucleation rates that, although not strictly
in situ, satisﬁes the requirement of being able to capture the
nucleation information extremely rapidly. Thus, we proposed that
it might be suitable, not only for measuring the nucleation rates of
the model substance (BaSO4), but of a much broader range of
sparingly soluble salts.
In this study, the nucleation rates of BaSO4, (formed using BaCl2
and Na2SO4 (Eq. (1))) and which has a solubility product (Ksp) of
1.11010 [19], were investigated at several supersaturation
values. This particular precipitation reaction was chosen because
of the relatively low solubility of BaSO4, as well as the fact thatonly one polymorph is formed. In addition, extensive nucleation
rate data exists for barium sulphate and therefore comparisons can
be made between the literature and the data measured in this
study [20–22].
BaCl2þNa2SO4-BaSO4þNaCl ð1Þ
Due to the exceedingly small size of the nuclei clusters and
rapid rate with which nucleation occurs, a combination of a Y-
mixer for rapid micromixing and a Cryo-TEM system was used.
The Cryo-TEM system was adapted by adding a guillotine and
shock freezing with liquid ethane to enable the experimental
determination of the number of nuclei as a function of residence
time. The morphology and size of the crystals can be accurately
measured using this method. The theoretical micromixing time in
the Y-mixer can be calculated using Eq. (2), as proposed by Judat
and Kind [11], but originally proposed by Baldyga and Bourne [23]:
τm ¼
12
ln2
v
ϵ
 1=2
ð2Þ
where τm¼micromixing time (s)
ν¼kinematic viscosity (m2 s1)
ε¼turbulent energy dissipation rate (m2 s3)
The turbulent energy dissipation rate was calculated, as
recommended by Roelands and co-workers [24], from an estimate
of the pressure drop over the outlet tube of the Y-mixer, according
to:
ε¼ϕvΔP
ρV
¼ 2f U
3
D
with 4f ¼ 0:316Re0:25 ð3Þ
where ε¼mean turbulent kinetic energy dissipation rate (m2 s3)
Φv¼ﬂow rate (m s1)
ΔP¼pressure drop over the mixer (N m2)
ρ¼density of ﬂuid (kg m3)
V¼volume of outlet tube (m3)
f¼ friction factor for the tube wall
U¼average ﬂow velocity (m s1)
D¼ internal diameter of outlet tube (m)
For this system, the micromixing times are calculated using the
constants in Table 1 and were found to be between 1106 and
1102 s.
Experimentally, the nucleation rate (J) can be calculated by
measuring the change in the number of particles with time (t).
J tð Þ ¼ dNt
dt
ð4Þ
Integrating Eq. (4) [7] gives
Nt ¼N0þ JVt ð5Þ
where Nt¼number of particles at time¼t (#)
N0¼number of particles initially in the solution (#)
J¼nucleation rate [# m3 s1]
V¼volume of the system (m3)
t¼residence time (s)
Thus, if Nt is plotted against t, the resulting straight line will have
a gradient of J, the nucleation rate, and an intercept at N0, the initial
number of particles. According to Classical Nucleation Theory (CNT),
the nucleation rate is a strong function of supersaturation, and can
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J ¼ ASexp  B
ln2S
 
ð6Þ
where S¼supersaturation;
A¼the supersaturation independent kinetic parameter;
B¼dimensionless thermodynamic parameter.
According to Roelands [24], the pre-exponential kinetic para-
meter, A, gives information as to whether the nucleation occurs
homogeneously or heterogeneously whereas the exponential fac-
tor B, incorporates the effect of the interfacial energy between
crystal and solution.
The supersaturation is a function of the solubility of the pre-
cipitating salt and is calculated as follows [7]:
S¼ aþa
Ksp
ð7Þ
where aþ¼the activity of the cation in solution;
a¼the activity of the anion in solution;
Ksp¼the solubility product of the precipitating solute.Fig. 2. Schematic representation of the effect of the different Y-mixer exit pipe
lengths on residence times.5. Experimental
5.1. Reagents
The reagents used were supplied by Merck and consisted of
analytical grade (99.9% purity) barium chloride and sodium
sulphate.
5.2. Shock-Freeze Cryo-TEM
The experiments were performed using a Y-mixer with internal
diameters of the inlet and outlet tubing of 4 mm (Fig. 1). Solutions
were prepared using deionized water and feed solutions were
maintained at 25 °C in two individual stirred tanks. Two magnetic
drive gear pumps were set up so that they provided a constant
ﬂow of reagents to the Y-mixer.
The stream of mixed reagents was shock frozen using liquid
ethane, which was maintained at a temperature of 180 °C (see
Fig. 2). A guillotine was used to slice through the frozen Y-mixer at
different exit tube lengths. At the tip of the guillotine, an attached
carbon template collected samples that were maintained in the
frozen state and then analysed using CRYO-Transmission Electron
Microscopy (TEM). Using TEM, it was possible to observe the size,
morphology and number of particles per unit volume. The shock
freezing prevented further nucleation and growth of the particles,Fig. 1. Shock-Freeze Cryo-TEthus providing representative nucleation kinetics for the residence
time being investigated.5.3. Experimental procedure
For all nucleation rate experiments, the guillotine was used to
take samples of the reaction stream for residence times of 0.0035,
0.007 and 0.0093 s, which corresponds to pipe lengths of 0.03,
0.06 and 0.08 m. In order to determine the nucleation rate,
experiments were carried out in triplicate and 10 TEM images
were taken for each sample. The number of particles was mea-
sured from TEM images and the relevant magniﬁcation was used
to determine the number of particles per m3 of volume. From this,
the nucleation rate (# m3 s1) was determined, based on the
residence time at which the sample was taken. Agglomeration was
not observed, partly due to the very short residence times, since
agglomeration is a secondary process. Although some of the TEM
images did seem to exhibit “clustering together” of particles, in
order for this to be evidence of agglomeration, there would need
to be the presence of smaller particles as well. The absence of
these particles in the samples has led to the deduction that
agglomeration does not occur. Therefore, each complex particle
was counted as a single nucleation event.5.3.1. Veriﬁcation of shock freeze step
In order to verify the quenching ability of the shock-freeze step
in the experimental setup, TEM images were taken of samples
using the guillotine at a residence time of 0.003 s and for a barium
sulphate of concentration of 0.02 M, both with and without the
liquid ethane being used for shock freezing.M experimental setup.
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experiments
In order to establish the minimum required ﬂow rate for the
nucleation rate experiments, nucleation rates for the barium sul-
phate system at concentrations of 0.02, 0.035 and 0.05 M were
experimentally determined using Shock-Freeze Cryo-TEM at ﬁve
different volumetric ﬂow rates, all listed in Table 2.
5.3.3. Nucleation rate experiments
All subsequent nucleation rate experiments were carried out
using a ﬂow rate of 108 ml s1 i.e at a Reynolds number of
3.4104. The nucleation rates for barium sulphate at concentra-
tions of 0.02, 0.05, 0.06, 0.08 and 0.1 M were investigated using the
Shock-Freeze Cryo-TEM experimental setup.6. Results and discussion
6.1. Veriﬁcation of the shock freeze step
In Fig. 3, the effectiveness of shock freezing for capturing an
instantaneous snapshot of number and size of particles at a spe-
ciﬁc stage of nucleation is demonstrated at a concentration of
0.02 M. Two experiments were conducted at the same conditions:
the one without and the one with shock freezing. In the case of
“without shock freezing”, the chamber was cooled down and the
sample was transferred frozen. In the case of “with shock freez-
ing”, the method described in the earlier section was followed. In
the left hand image (A), there are orders of magnitude more par-
ticles observable than on the right (B). Without shock freezing,
nucleation continues to occur after the sample is taken and
therefore the number of particles measured is not representative
of the residence time speciﬁed in the experiment. The shock-
freezing step effectively arrests the experiment at the momentTable 2
Volumetric ﬂow rates used to establish the minimum required ﬂow rates for
nucleation rate measurements.
Volumetric ﬂow rate Flow velocity Reynolds number
(ml s1) (m s1)
10.8 0.86 3.4103
30.2 2.41 9.6103
54.0 4.30 1.7104
97.2 7.73 3.1104
108.0 8.59 3.4104
Fig. 3. Effect of shock freezing on the number of particles generated (A) without shothat the sample is taken, and thus provides a representative
measurement of the nucleation rate at that residence time.
6.1.1. Establishing the minimum ﬂow rate for the nucleation
experiments
Fig. 4 shows how the measured number of particles, and thus
the measured nucleation rate, increases with an increase in Rey-
nolds number. Each of the images was recorded at the same
residence time. The samples were taken at different tube lengths
to accomplish this.
It is clear that the liquid-to-solid conversion in these experi-
ments was not constant, but because the initial supersaturation
was extremely high, and the experiments were arrested before
very much mass had been produced, the mean supersaturation
was assumed to remain essentially the same.
The measured nucleation rate as a function of the Reynolds
number is presented in Fig. 5. It can be seen that, as the Reynolds
number increases to 3.1104, the nucleation rate reaches a
maximal plateau and thus it can be said that the limiting Reynolds
number has been reached. At this point, mixing is sufﬁciently fast
such that the nucleation rate is no longer inﬂuenced by it. Thus,
the measured kinetics can be assumed to be the kinetics of the
precipitation process and not the kinetics of the mixing process.
Fig. 6 illustrates how the particle size and morphology change
as the Reynolds number increases, from larger, twinned or radial
growth dendritic shapes at Re¼3.4103 to much smaller sizes
and less twinning at Re¼3.4104. Quite extensive clustering of
the particles is observed at the lower Re numbers, but this is much
less evident at the highest Reynolds number of Re¼3.4104 in
image D of Fig. 6. Since this is the Reynolds number at which the
measurements were carried out, clustering is not discussed
further.
Fig. 7 quantiﬁes graphically the effect of Reynolds number on
particle size. From the ﬁgure, it is clear that, as the Reynolds number
increases from 3.4103 to 1.7104, the average particle size rapidly
decreases. However, between Reynolds numbers of 3.1104 and
3.4104, the particle size remains relatively unchanged.
This behaviour can be accounted for as follows: as the Reynolds
number increases, the micromixing is faster, and thus there is an
increase in the local supersaturation experienced by each particle,
thereby favouring nucleation over growth. Therefore, at the higher
Reynolds numbers, the particles are measurably smaller. However,
between the Reynolds numbers of 3.1104 and 3.4104, there is
a negligible decrease in particle size. With reference to Fig. 5, it
can also be seen that, between the Reynolds numbers of 3.1104
and 3.4104, there is a very small change in particle number.ck freezing using liquid ethane and (B) with shock freezing using liquid ethane.
Fig. 4. Images for Reynolds numbers of (A) 3.403, (B) 9.6103, (C) 1.7104 and (D) 3.1104 show an increase in the number of particles as the Reynolds number is
increased.
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been achieved at the higher Reynolds number and thus, for this
system, the nucleation rate measurements were carried out at
Re¼3.4104.
6.1.2. Nucleation rate measurements
As a result of the mixing time experiments above, all the
nucleation rate experiments were carried out at a Reynoldsnumber of 3.4104, in order to ensure that sufﬁciently fast mixing
was achieved. Table 3 shows the nucleation rates measured for the
range of supersaturation values investigated.
Under these conditions of extremely high supersaturation and
rapid mixing, the waiting time for nucleation (the induction time)
has been assumed to be negligible. This is conﬁrmed by the work of
Roelands [24,13]. For the same reasons, the type of nucleation is
almost certainly homogenous, as conﬁrmed by the work of Nielsen
[21], who found that, for the barium sulphate systems, above 0.01 M,
homogeneous nucleation dominated. For this work, the lowest con-
centration studied was 0.02 M, and therefore all the results presented
are in the homogenous nucleation region. In addition, when using
the data in Table 3 to calculate the parameters A and B in Eq. (6), the
calculated value for A (8.021030 m3 s1) is consistent with that
for homogeneous nucleation, as discussed by Roelands [13].
When the nucleation rate data for barium sulphate in this work
is compared with that previously measured by Nielsen [25],
Mohanty [26] and Taguchi [27], it can be seen the nucleation rates
measured in this work are somewhat lower than those measured
by previous researchers, as demonstrated in Fig. 8. This can pos-
sibly be attributed to the experimental method by which the
previous data were obtained. Nielsen used a 2L separation funnel
to collect the stream as it exited the mixer and the particles were
counted under a microscope some time later. Gelatin, carbox-
ymethylcellulose and sodiumpyrophosfate were used as peptizing
agents to prevent coagulation of the particles and thus to prevent
further nucleation and growth [8]. Mohanty discharged the
reacting stream directly into a 50–500 ml gelatine solution and
subsequently placed a sample onto a microscope slide for counting
Fig. 6. Bright ﬁeld TEM images showing the barium sulphate particles produced at different Reynolds numbers. (A) 3.4103, (B) 9.6103, (C) 1.7104 and (D) 3.4104.
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Table 3
Experimentally determined nucleation rates for a range of supersaturation values.
Experiment no. Supersaturation Nucleation rates Concentration
(# m3 s1) (M)
1 4.0106 2.791014 0.02
2 2.5107 2.551015 0.05
3 3.6107 9.631015 0.06
4 6.4107 6.391016 0.08
5 1.0108 3.811017 0.10
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formed, resulting in an artiﬁcially high nucleation rate. Taguchi
and co-workers conducted a series of batch experiments and used
an off-line zone sensing particle size analyser to measure the
particle sizes [27]. Fig. 8 summarises these observations but
illustrating that previously, nucleation rates 100 to 1000 times the
more recently measured value were observed.
The effect of the supersaturation on the average sizes of the
particles is illustrated in Fig. 9 and given quantitatively in Fig. 10.
Both of these ﬁgures illustrate how the average size of the particles
decreases as the supersaturation of the system is increased.
Fig. 9. Effect on particle size for supersaturation values of (A) 4.0106, (B) 2.5107, (C) 3.6107, (D) 6.4107 and (E) 1.0108.
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values, the particles are larger and less numerous, indicating that
besides nucleation, growth is also occurring. As the super-
saturation is increased, the number of particles in the frame
increases and the measured size decreases. The morphology of the
particles does not change signiﬁcantly over the range of measured
supersaturation, indicating that once nucleation has occurred,
further decreases in supersaturation levels are due to crystal
growth.
From Fig. 10, it can be seen that, as the supersaturation is
increased from 4.0106 to 1.0108, the measured particle size
decreases from 320 nm at the lower supersaturation to 62 nm at
the highest supersaturation. This is in contrast to the data
collected by previous researchers, who measured particle sizessomewhat larger than those measured in this study. Mohanty, for
example, measured particle sizes of 41 μm from TEM images
taken of the samples for the same supersaturation values used in
this study [26]. This is an indication that, in previous experiments,
growth of the particles was possibly not sufﬁciently inhibited. In
this study, for the same supersaturation range used by Mohanty,
much smaller particle sizes were measured.
Both Figs. 9 and 10 illustrate how the average size of the par-
ticles decreases as the supersaturation of the system is increased.
This is due to the fact that, with increased supersaturation, the
nucleation mechanism dominates and thus nucleation is favoured
over growth.7. Conclusions
By using a rapid mixing device coupled to a shock-freeze sys-
tem which prevented further nucleation and growth, it was pos-
sible to accurately measure the nucleation kinetics of a precipita-
tion reaction. The Cryo-TEM system allowed investigation of the
morphology of the produced particles. Based on the results of the
mixing experiments, the limiting Reynolds number (i.e the Rey-
nolds number below which the results were mixing limited) was
3.4104. The particle size decreased from 250 to 86 nm as the
Reynolds number was increased from 3.4103 to 3.4104, indi-
cating an increase in the supersaturation due to improved mixing.
The nucleation rates ranged from 2.791014 to 3.811017 for
supersaturation values ranging from 4106 to 1108. Nucleation
rates obtained using Shock-Freeze Cryo-TEM are a few orders of
magnitude less than data obtained by Nielsen [21], Mohanty [26]
and Taguchi [27]. We attribute this difference to our experimental
approach, which ensured proper quenching of the precipitation
process, thus accurate nucleation rate measurements. This impacts
nucleation kinetic and thermodynamic analyses. From the TEM
U. Hendricks et al. / Journal of Crystal Growth 432 (2015) 108–115 115images we see that the particle size decreased from 320 to 62 nm
with increasing supersaturation from 4.0106 to 1.0108 as a
result of nucleation being favoured over growth.
This work shows that, without using liquid ethane to shock-
freeze the precipitating process, new particles had time to form,
causing inaccurate nucleation rates to be calculated for the resi-
dence times being investigated. However, Shock-Freeze Cryo-TEM
provides an accurate and repeatable experimental method for
characterizing precipitation kinetics of rapidly precipitating sys-
tems such as sparingly soluble salts. Inhibition of the precipitation
reaction was achieved. A high level of accuracy in the measure-
ment of particle size improved the resolution of the early
nucleation process, which was impossible using methods that
provide only micron-scale resolution.
In future work, the techniques will be used to measure the
number and size of particles for longer residence times, which will
assist in the understanding of both nucleation and growth
mechanisms for a range of sparingly soluble salt systems. This will
provide valuable insight into the relative importance of classical
atom-by-atom growth versus particle attachment-based crystal
growth (for example, oriented attachment [28]). In addition, the
technique will be extended to investigate the precipitation kinetics
of a range of other sparingly soluble salts.Acknowledgements
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